IMPORTANCE Uveal melanoma is characterized by mutations in GNAQ and GNA11, resulting in mitogen-activated protein kinase pathway activation. OBJECTIVE To assess the efficacy of selumetinib, a selective, non-adenosine triphosphate competitive inhibitor of MEK1 and MEK2, in uveal melanoma.
U veal melanoma arises from melanocytes within the choroid of the eye, has an incidence of 1500 cases per year in the United States, and is biologically distinct from cutaneous melanoma. 1, 2 Despite enucleation or definitive radiotherapy of the primary lesion, metastases develop in 50% of patients and outcomes are subsequently poor, with a median survival of less than 12 months. [3] [4] [5] Although improved outcomes have been achieved in patients with advanced cutaneous melanoma, no effective therapy has been identified for those with metastatic uveal melanoma.
Oncogenic mutations in GNAQ or GNA11, genes encoding for widely expressed G-protein-α subunits, are observed in more than 80% of primary uveal melanomas and activate signaling pathways including the mitogen-activated protein kinase (MAPK) pathway. [6] [7] [8] We and others demonstrated the genotype-dependent antitumor effects of inhibition of the MAPK pathway at the level of the mitogen-activated protein kinase kinase (MEK) enzymes MEK1 and MEK2 in preclinical models. [9] [10] [11] Fu r t h e r m o re , s u b s e t analysis of 20 patients w ith advanced uveal melanoma treated in a previously completed trial of selumetinib (AZD6244; ARRY-142886), a selective, orally available, non-adenosine triphosphate competitive small molecule inhibitor of MEK1/2, 12, 13 vs temozolomide demonstrated a progression-free survival time with selumetinib double that achieved with chemotherapy. 14 We therefore developed and conducted this National Cancer Institute (NCI) Cancer Therapy Evaluation Programsponsored, multicenter, randomized phase 2 trial of selumetinib vs chemotherapy to formally assess the efficacy of MEK inhibition in advanced uveal melanoma.
Methods

Study Design
This trial assessed the efficacy of selumetinib in patients with metastatic uveal melanoma who had not received prior therapy with temozolomide or dacarbazine (see trial protocol in Supplement 1) . Enrollment began on August 25, 2010, with 10 patients receiving therapy as of the data-lock date of December 31, 2013. Tumor samples from all patients were prospectively genotyped for mutations in exon 5 of GNAQ and GNA11.
Eligible patients were randomized in a 1:1 ratio using the method of random permuted block to receive open-label treatment with (1) chemotherapy with either temozolomide, 150 mg/m 2 orally daily for 5 of every 28 days, or dacarbazine, 1000 mg/m 2 intravenously every 21 days (investigator choice) or (2) selumetinib, 75 mg orally twice daily on a continual basis. 13 Randomization was stratified by mutation status (GNAQ mutant vs GNA11 mutant vs GNAQ and GNA11 wild type), American Joint Committee on Cancer cutaneous melanoma staging criteria (stage M1a/b vs M1c), and number of prior systemic therapies for metastatic disease (0 vs ≥1). Dose modification was permitted for toxic effects (eTable 1 in Supplement 2). Patients received study treatment until the first occurrence of disease progression, death, intolerable toxic effects, or withdrawal of consent. Clinical and laboratory assessments were conducted at baseline, every 2 weeks for 4 weeks, and every 4 weeks subsequently for up to 30 days following the off-study date or until resolution of treatment-associated toxic effects. Patients treated with selumetinib at Memorial Sloan Kettering Cancer Center, New York, New York, who had accessible tumor underwent tumor biopsies at baseline and after 14 (±3) days of therapy. Adverse events were graded using the NCI Common Terminology Criteria for Adverse Events, version 4.0. Investigator-determined tumor response was measured radiographically every 4 weeks for 8 weeks and every 8 weeks subsequently using the Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1. 15 Those randomized to chemotherapy who experienced disease progression could receive selumetinib subsequently if they remained eligible for study therapy.
Selumetinib was supplied by the Division of Cancer Treatment and Diagnosis of the NCI and was provided to the NCI under a collaborative agreement with AstraZeneca. Temozolomide and dacarbazine were obtained as commercially available agents.
Patients
Eligible patients had documented metastatic uveal melanoma; age older than 18 years; life expectancy longer than 3 months; Eastern Cooperative Oncology Group performance status of 1 or less (able to conduct normal activity or carry out work of a light nature); measurable disease by RECIST, version 1.1 15 ; adequate organ function; and either untreated metastatic uveal melanoma or disease that progressed while receiving prior anticancer therapy in the opinion of the investigator. Prior therapy with an MEK inhibitor, temozolomide, or dacarbazine was not permitted.
Both men and women and members of all races and ethnic groups were eligible. The protocol and amendments were approved by relevant institutional review boards. All participants provided written informed consent before initiating study procedures.
Statistical Analysis
The primary end point was progression-free survival. Secondary end points included overall survival, response rate, and safety/tolerability. Patients who received at least 1 dose of therapy or who experienced objective disease progression during the first cycle of therapy were evaluable for the primary end point. Progression-free survival was calculated as time from randomization to the earlier date of disease progression by RECIST version 1.1 or death due to any cause in the absence of progression, and overall survival was calculated as time to death due to any cause, with distributions estimated via Kaplan-Meier methods and compared between treatment groups using the log-rank test. Hazard ratios were estimated using a Cox proportional hazards model. Proportional hazards assumptions were assessed using a plot of the log(−log[survival] vs log[time]). We tested for proportional hazard assumption by including in a Cox model a term for the interaction between treatment group and progression-free survival time. We used SAS version 9.2 (SAS Institute Inc) and considered a 2-tailed P<.05 as significant. All data available on December 31, 2013, are reported.
A randomized phase 2 design was used to evaluate the primary end point. Assuming a median progression-free survival of 1.5 months, a 24-month accrual period, and a 12-month follow-up period, the design had 80% power (10% significance level, 1-sided) to detect a treatment difference if the true hazard ratio was 0.6. Final analysis was prespecified to occur after 68 or more progression events were observed in patients with tumor harboring a GNAQ or GNA11 mutation. Randomization of 80 or more patients with tumor harboring a GNAQ or GNA11 mutation was planned. Because antitumor effects were observed in GNAQ and GNA11 wild-type uveal melanoma in preclinical models, 40 or fewer additional patients could be randomized regardless of mutational status. 10 Following this analysis, randomization to the inferior treatment group was discontinued; however, accrual could continue to complete the planned 120-patient enrollment. An unplanned analysis of progression-free and overall survival that included 72 patients with a data cutoff of September 25, 2012, was performed. No correction for multiplicity across testing of the primary and secondary end points was performed, as the goal of this hypothesis-generating study was to assess for a signal rather than proof of efficacy.
Correlative Analyses
Mutational analysis of exon 5 of GNAQ and GNA11 was conducted in a Clinical Laboratory Improvement Amendmentscertified laboratory. Standard polymerase chain reaction amplification of a 250-bp and 245-bp fragment for GNAQ and GNA11, respectively, including the entire coding region of exon 5, was performed in duplicate using HotStar Taq DNA polymerase (Qiagen) and primers listed in eTable 2 in Supplement 2. Polymerase chain reaction was also performed using standard primers with a 10mer locked nucleic acid oligonucleotide designed to suppress amplification of wild-type DNA. Sequencing and analysis were performed using the BigDye Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI3730 running ABI Prism DNA Sequence Analysis Software.
Western blotting was performed for phosphorylated extracellular signal-regulated kinase (pERK) and cyclin D1 and quantitated by densitometry using ImageJ software. Cells were lysed in radioimmunoprecipitation assay buffer supplemented with protease inhibitor cocktail tablets (Roche Diagnostics) and 1 mmol/L of sodium orthovanadate. Equal amounts of protein were loaded on 4% to 12% polyacrylamide gel electrophoresis gels (Invitrogen, Life Technologies). Polyvinylidene difluoride membranes were blocked with 5% nonfat dried milk and probed with pERK, ERK, cyclin D1, and α-tubulin (Cell Signaling Technology). The Wilcoxon ranksum test was used to evaluate associations between radiographic regression (RECIST response or stable disease for >16 weeks) and suppression of pERK and cyclin D1.
Results
Patient Characteristics
Between August 25, 2010, and July 23, 2013, 101 patients from 15 centers (eTable 3 in Supplement 2) were randomized, with 51 assigned to chemotherapy and 50 to selumetinib. One patient in each group was randomized but not treated because of rapid clinical decline. Patient characteristics ( Table 1) were balanced between treatment groups. The median treatment duration for those randomized to chemotherapy was 8 weeks (interquartile range, 4.3-16 weeks) and for those randomized to selumetinib was 16.1 weeks (interquartile range, 8.1-25.3 weeks), respectively. Nineteen patients were subsequently registered and 18 treated with selumetinib without randomization to complete the planned 120-patient enrollment.
Mutational testing was performed on 117 metastatic and 3 primary specimens, with 37% harboring mutations in exon 5 of GNAQ (Q209L: n=13; Q209P: n=26; Q209H: n=4; and Q209R: n=1) and 45% harboring mutations in exon 5 of GNA11 (Q209L: n=53; Q209P: n=1).
Clinical Activity
The primary end point of progression-free survival was analyzed using data available as of April 22, 2013 . At that time, 98 patients were randomized and 96 evaluable for progressionfree survival (Figure 1) . The median progression-free survival time was 7 weeks (95% CI, 4.3-8.4 weeks) in the chemotherapy group (n = 49) and 15.9 weeks (95% CI, 8.4-21.1 weeks in the selumetinib group (n = 47) ( Figure 2A) . The hazard ratio for progression-free survival was 0.46 (95% CI, 0.30-0.71; P < .001) in favor of selumetinib. Similar improvement was observed when limiting analysis to patients with tumor harboring a GNAQ or GNA11 mutation (n = 80) ( Figure 2B ). T wo p at i e nt s r a n d o m i z e d t o c h e m o t h e r a py we r e progression-free with a median follow-up of 12.8 weeks (range, 7.9-17.9 weeks). Eight patients randomized to selumetinib were progression-free with a median follow-up of 15.2 weeks (range, 4-80 weeks). Four-and 6-month progression-free survival rates were 8.5% and 5.7% with chemotherapy and 43.1% and 22.9% with selumetinib. As of April 22, 2013, the median overall survival time was 9.4 months (95% CI, 6.0-11.4 months) with chemotherapy and 10.8 months (95% CI, 7.5-12.9 months) with selumetinib, with a hazard ratio of 0.79 (95% CI, 0.46-1.37; P = .40) (eFigure 1 in Supplement 2).
Ninety-nine patients were ultimately treated, with 98 patients stopping active therapy by December 31, 2013 (Figure 1 Tumor regression was uncommon with chemotherapy, with no RECIST responses observed ( Figure 3A) . In contrast, 49% of patients randomized to selumetinib achieved tumor regression ( Figure 3B ), with 7 (14%) of 49 patients evaluable for response achieving a 30% or greater tumor regression, consistent with a RECIST partial response. Five partial responses were confirmed on subsequent imaging studies, with durations of response of 23, 23.4, 25.3, 31.7, and 40.3 weeks. Two were unconfirmed, with durations of response of 7.9 and 15.7 weeks. Representative images from 1 patient are presented in eFigure 4 in Supplement 2. Forty-two patients (86%) randomized to chemotherapy experienced disease progression and subsequently received selumetinib. The median progression-free survival time was 8 weeks (95% CI, 8-12 weeks) (eFigure 5 in Supplement 2). Although tumor regression was observed in 11 (28%) of 40 patients evaluable for response, no objective RECIST response was observed (eFigure 6 in Supplement 2).
Nineteen patients were registered to receive selumetinib without randomization. Eighteen were treated and 17 were evaluable for progression-free survival. With 9 progression events and a median follow-up for those without progression of 12 weeks, the median progression-free survival time was 16 weeks (95% CI, 6-not reached) (eFigure 7 in Supplement 2). Of 17 patients evaluable for response, 1 (6%) achieved a partial response.
Tolerability
Select adverse events observed in more than 5% of patients attributed to temozolomide, dacarbazine, and selumetinib are presented in Table 2 . All observed adverse events attributed to therapy and all observed adverse events regardless of attribution are presented in eTables 4 through 7 in Supplement 2.
Treatment-related adverse events (any grade) were observed in 65 (97%) of 67 patients treated with selumetinib, with the most common being acneiform rash (75%), creatine kinase elevation (60%), fatigue (57%), aspartate aminotransferase elevation (48%), and alanine aminotransferase elevation (42%). Blurred vision (6%) and other visual changes (7%) were observed. Twenty-five (37%) experienced grade 3 to 4 treatment-related adverse events, including creatine kinase elevation (13%), aspartate aminotransferase elevation (7%), and alanine aminotransferase elevation (6%). Most cases of creatine kinase elevation were asymptomatic and clinically insignificant; however, neck myopathy or myositis was observed in 3 Adverse events were graded using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. No grade 4 adverse events were observed in more than 5% participants in any group. b One participant in each of the randomized treatment groups and 1 participant in the nonrandomized portion of the trial did not receive study therapy and are not included. c Adverse events observed in participants initially randomized to selumetinib only; does not include events observed in those receiving selumetinib after experiencing disease progression with chemotherapy.
patients (4%). 16 Twenty-five patients (37%) required at least 1 dose reduction of selumetinib because of adverse events (eTable 1 in Supplement 2). Four patients (6%) discontinued therapy because of treatment-related adverse events. One patient (2%) treated with chemotherapy required dose reduction because of toxic effects. Eight patients (16%) initially randomized to chemotherapy did not receive selumetinib after disease progression because of death or declining performance status.
Pharmacodynamic Analysis
We observed sustained MAPK pathway inhibition in available tumor specimens, with median decreases in pERK and cyclin D1 of 48% (P = .03) and 76% (P = .03 by sign test), respectively (eTable 8 in Supplement 2). Of the 18 patients for whom specimens were available, 5 achieved radiographic regression, with 2 achieving RECIST partial responses. Six achieved clinical benefit as defined as a RECIST response or stable disease for longer than 16 weeks. Radiographic regression correlated with suppression of pERK (P = .03) but not cyclin D1 (P = .97 by Wilcoxon rank-sum test). No statistically significant association between pERK suppression and clinical benefit was observed (P = .07).
Discussion
In this hypothesis-generating phase 2 clinical trial, selumetinib compared with chemotherapy resulted in improved progression-free survival in patients with uveal melanoma not previously treated with temozolomide or dacarbazine. The median progression-free survival time was improved from 7 weeks with chemotherapy to 15.9 weeks with selumetinib. The 4-month progression-free survival rate was improved from 8.5% with chemotherapy to 43.1% with selumetinib. Tumor regression was more common with selumetinib, occurring in 50% of patients treated, with only 2 patients experiencing greater than 20% tumor growth (consistent with RECIST disease progression) at the time of the first scan. No effect on overall survival was observed.
Our results are similar to those of an unplanned subset analysis of patients with advanced uveal melanoma treated in a prior trial of selumetinib. 14 This analysis demonstrated a median progression-free survival time of 16.3 weeks (80% CI, 10-28.8 weeks) in 7 patients randomized to selumetinib vs 7.1 weeks (80% CI, 6.1-11.8 weeks) in 13 patients randomized to temozolomide. The limited activity observed with temozolomide is similar to that achieved in a phase 2 study of temozolomide 17 that reported a median time to disease progression of 1.84 months (range, 0.7-3.8 months) and to that observed in our study, which demonstrated a progression-free survival time of 7 weeks with chemotherapy.
The efficacy of MEK inhibition in uveal melanoma is predicted by the frequent activation of the MAPK pathway by functionally activating mutations in GNAQ or GNA11. This strategy may be applicable to other tumors characterized by MAPK pathway activation via additional mechanisms including receptor tyrosine kinase activation, 18 RAS mutation, 19 NF1 loss, 20 and others. Single-agent activity has been observed with MEK162, another small molecule inhibitor of MEK, in NRASmutant melanoma. 21 Selumetinib has been demonstrated to enhance iodine update and retention in radioiodinerefractory thyroid cancer, with the most prominent activity observed in NRAS-mutant tumors. 22 Additionally, phase 2 trials comparing the efficacy of chemotherapy alone vs in combination with selumetinib have demonstrated improved outcomes with combination therapy in KRAS-mutant non-small cell lung cancer and BRAF-mutant melanoma, with hazard ratios for progression of 0.58 (P < .001) and 0.63 (P = .02), respectively. 23, 24 Our data suggest that progression-free survival is greater in the GNAQ and GNA11 wild-type population (25.9 weeks [range, 3.7-40.4 weeks] vs 15.4 weeks [range, 8.1-16.9 weeks]). This observation may be explained by the presence of other mechanisms of MAPK pathway activation in exon 5 of GNAQ or GNA11 wild-type tumors. After study initiation, activating mutations affecting exon 4 of GNAQ and GNA11 were reported to occur in 12% of metastatic uveal melanomas in a pattern mutually exclusive with exon 5 mutations. 8 Thus, it is likely that the majority of the cases classified as wild type in this study had tumors harboring exon 4 GNAQ or GNA11 mutations. Of the 5 exon 5 wild-type cases with sufficient remaining tumor material, we identified exon 4 mutations in 3 patients, 1 of whom achieved a major response to selumetinib.
As of December 31, 2013, we observed a median overall survival of 9.1 months and 11.8 months for those randomized to chemotherapy and selumetinib, respectively, which did not reach statistical significance. Because 86% of patients received selumetinib after experiencing disease progression with chemotherapy, which was permitted to maximize accrual from this rare cancer population, analysis of survival data are confounded. We observed that the efficacy of selumetinib may be affected by prior therapy with temozolomide or dacarbazine. The median progression-free survival time was 15.9 weeks and median progression-free response rate was 14% for those initially randomized to selumetinib; survival time was 8 weeks and response rate was 0% for those receiving selumetinib after experiencing disease progression with chemotherapy. Although our study was not designed to assess the effects of prior therapy on clinical outcome with selumetinib, these observations may reflect the induction of survival pathways or enhancement of angiogenesis with chemotherapy that confer resistance to MEK inhibition, or the more advanced disease in patients who have received prior therapies. 25 Treatment-related adverse events were observed in 97% patients treated with selumetinib and were consistent with those observed with other inhibitors of MEK, including rash, creatine kinase elevation, edema, and visual changes. 21, 26 Most events were manageable with supportive measures, but 37% required at least 1 dose reduction and 6% discontinued therapy because of toxic effects.
We previously observed effective MAPK pathway inhibition as demonstrated by pERK suppression with selumetinib in uveal melanoma cell lines. 10 Using human tumor specimens, we similarly demonstrated effective and sustained pathway blockade after 14 days of therapy, with inhibition of both
